Pharmaceuticals and cosmetics for dermal application are usually tested on healthy skin, although the primary permeation barrier, the stratum corneum, is often impaired by skin diseases or small skin lesions, especially on the hands. These skin conditions can considerably influence the permeation of chemicals and drugs. Furthermore, risk assessment for example of nanoparticles should be performed under various skin conditions to reflect the true circumstances. Therefore, an alternative and reproducible method for a high throughput of skin samples with impaired skin barrier was developed and verified by skin permeation studies (25 h) of caffeine, sorbic acid and testosterone compared to healthy (untreated) and tape-stripped skin. Skin barrier disruption was controlled by TEWL measurement.
Introduction
Dermatological products are the first choice in the local treatment of skin diseases due to good patient compliance and low systemic exposure. The outermost layer of the skin, the stratum corneum, is formed by corneocytes imbedded in a lipid matrix primarily composed of ceramides, cholesterol and free fatty acids, representing the primary barrier [1] . This effective barrier restricts the penetration and permeation of chemicals as well as active ingredients into the skin. In contrast, skin diseases are often attended by the disorder or even a disruption of the skin barrier, such as a loss of stratum corneum integrity, and thus an increase in transepidermal water loss (TEWL) [2] . TEWL values of healthy human skin range between 3.2 and 10.9 g m À 2 h À 1 [3] [4] [5] , whereas an impaired skin barrier increases TEWL values by up to 10 times [6] [7] [8] [9] [10] . Eczematous skin diseases such as atopic dermatitis, seborrheic eczema, allergic contact eczema and asteatotic eczema, as well as infectious skin diseases, lead to a loss of skin barrier function complemented by an increased TEWL [5, 6, 9, 11, 12] . Furthermore, ichthyosis and psoriasis, both complex skin disorders, tend to result in approximately 5 times [8] or even 10 times [7] higher TEWL values than healthy skin, respectively. This dysfunction of the skin barrier can be associated with an enhanced percutaneous absorption of the applied agents [13, , 14] and possible undesirable side effects [15, , 16] . Thus, it is essential to consider the condition of the skin while developing and testing a new dermatological product. The diversity of dermatological diseases attended by skin barrier impairment and the risk of toxicity during topical treatment emphasizes the importance of an inexpensive and reproducible in vitro skin model that simulates and simplifies skin barrier impairment. Substances for the treatment of skin diseases characterized by impaired skin barrier should be tested with healthy skin, the best-case scenario, and with impaired skin, the worst-case scenario, to ensure the safety and effectiveness of dermal products. Therefore, a reliable, lowcost and easy method is needed for in vivo and ex vivo testing of formulations and substances.
An overview of different in vivo and in vitro methods to study the penetration and permeation through damaged skin is given by Gattu and Maibach [17, 44] . These methods can be divided into mechanical, chemical and biological methods, as well as investigations on clinical diseased skin.
The most common method for simulating a disturbed skin barrier is the tape-stripping method [10, [18] [19] [20] . The horny cell layers are gradually removed with adhesive tape. The tape-stripping Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/rinphs method is minimally invasive and can be applied in vivo and ex vivo for humans as well as for animals (e.g., pigs and rats). The efficacy of the tape-stripping method can be influenced by the anatomical site, the application pressure, the duration of pressure, the removal rate [3] and the type of tape [21] . Furthermore, another difficulty is the inhomogeneous removal of the cell layers due to the elastic network of furrows [22, , 23] , and the required repetitions to achieve an adequate degree of damage are quite time-and cost-intensive using the validated tape-stripping method by the Simonsen and Fullerton [10] .
The objective of the present study was to develop an alternative in vitro skin model to simulate skin barrier impairment. The following requirements should be fulfilled by this model: simple and quick application, low cost, and good repeatability. Therefore, the stratum corneum was mechanically removed by a sponge with a rough surface, and the permeation of three model drugs, caffeine, sorbic acid and testosterone, which differ in physicochemical properties, such as octanol-water-coefficient (log P) and molecular weight (MW), was studied and compared with intact and tape-stripped skin. Caffeine and testosterone are marker compounds recommended by the OECD, and sorbic acid is a preservative frequently used in cosmetics.
Materials and methods

Skin preparation
Untreated porcine ears (domestic pig) were obtained from a local slaughterhouse and immediately transferred to the lab under cool conditions. Porcine ears were washed by rinsing with moderately warm water and wiped with paper towels, and the bristles were carefully shortened by trimming. Full-thickness skin was obtained from the outer side of the porcine auricle [24] and stored at À 20°C for up to 3 months. Porcine skin was chosen due to its similarity to human skin in terms of its morphology and permeability [25] and due to its availability. Prior to skin permeation studies, the thawed porcine full-thickness skin was prepared. Untreated skin (intact skin) and skin with an impaired barrier were used to conduct skin uptake studies. To simulate the impaired barrier, two different methods were compared. Tapestripped porcine skin was obtained by a successive tape-stripping procedure (D-Squame s tape disks, 22 mm diameter, Cuderm Corp., USA) following Simonsen and Fullerton [10] . The impairment of the skin barrier by abrasion was induced by partial rub-off of the stratum corneum using a sponge with an aluminum coating (Spontex s Brillant scourer pad, MAPA GmbH, Germany). Therefore, the sponge was drawn in a smooth motion over the skin surface to reduce the stratum corneum. 
Skin permeation and drug uptake studies
Permeation studies of caffeine, sorbic acid and testosterone were performed in vitro using the Franz diffusion cell set-up [26] , 15 mm in diameter (surface area 1.76 cm 2 ) and 12 mL acceptor volume (Gauer Glas, Germany). On the day of the experiment, the prepared skin samples (see section Skin Preparation) were mounted into the Franz diffusion cell and allowed to equilibrate for 30 min at 32.5°C. The acceptor medium was magnetically stirred at 500 rpm. To provide sink conditions, phosphate buffered saline (PBS, pH 7.4) with caffeine and sorbic acid (water solubility at 20°C: 20 and 1.6 mg/mL, respectively) as well as PBS plus 0.5% Igepal s (Sigma Aldrich, Germany) with testosterone (determined solubility: 93.9 mg/mL) was used as acceptor medium. Then, 1 mL of the donor solution (caffeine and sorbic acid: 1 mg/mL, testosterone: 200 mg/mL with 0.4% ethanol and 2% Igepal s ) was applied to the skin surface for 25 h. The donor compartments were sealed with Parafilm s to prevent evaporation of the solution. Aliquots of the acceptor medium (500 mL) were withdrawn repeatedly (every hour from 0 to 10 h and from 21 to 25 h) and replaced with fresh acceptor medium. The samples were analyzed by high-performance liquid chromatography (HPLC). At the end of the experiment, the remaining donor solution was removed by a wash-off procedure and then collected and analyzed by HPLC. Skin samples were wiped with paper towels, snap-frozen, chopped, transferred into a reaction tube and submerged with 1 mL of the extraction solution (caffeine: 10% ACN/90% phosphate buffer; sorbic acid: 30% ACN/70% phosphate buffer; testosterone: 45% ACN/55% phosphate buffer). Skin samples were incubated for 1 h at 50°C with shaking at 1400 rpm and then centrifuged (5 min and 14,680 rpm, Centrifuge 5424, Eppendorf AG, Germany); the supernatant was subjected to HPLC analysis. The extraction was performed twice. Preliminary studies showed that recovery of the drug from the skin after two extraction steps was 91.7% 70.9% with caffeine, 94.7 72.5 % with sorbic acid and 82.7 716.0% with testosterone.
Data analysis
The cumulative amount of permeated drug, expressed in micrograms per square centimeter (mg/cm 2 ), is plotted against time (h). The flux, the mass of test substance passing through a unit area of the membrane (1.76 cm 2 ) per unit of time under steady-state conditions (in mg/cm 2 /h) and the relative lag time (abscissa intercept point, h) were calculated from the slope of the graph using an automated approach [27] . Furthermore, the total drug uptake (drug in the skin plus drug in the acceptor medium after 25 h) and the total recovery were determined. Apparent permeability (P app ) is presented in Box-and-Whiskers plot (Min to Max): The whiskers go down to the smallest value and up to the largest. The top and bottom of the box are the 25th and 75th percentiles. All experiments were performed 6 times. Images were generated using GraphPad Prism s software, version 5.03. The enhancement factor (EF) was calculated by dividing the P app of treated skin (either tape-stripped or abraded) by the P app of the untreated skin. Data are given as arithmetic means and standard deviation (SD). To verify the differences in skin permeation (n ¼ 6), data were subjected to the non-parametric Kruskal-Wallis test, followed by the Dunn post-test procedure, in cases of significance (GraphPad Prism s version 5.03). Significant differences were defined as p r0.05.
Results and discussion
Skin penetration and permeation are influenced by the physiochemical properties of the drug substance, the characteristics of the formulation and the skin conditions. Skin conditions can be influenced by skin diseases and often are attended by disruption of the stratum corneum. Therefore, it is essential to consider skin condition in the early stage of dermal drug formulation development because of possible modified drug transport into and across the skin [28] . To determine the drug levels within the stratum corneum, tape stripping is a well-established method [29, , 30 ]. Furthermore, this method is used to obtain an impaired skin barrier [31, , 32] . Producing the required degree of skin impairment (TEWL: 307 2 g m À 2 h À 1 ) needs up to 60 pieces of tape, making the validated tape-stripping method by Simonsen and Fullerton [10] expensive and less attractive for a high sample throughput. An appropriate and validated alternative method for in vivo and ex vivo testing of drug transport across the impaired skin barrier is necessary.
Method validation of skin impairment by abrasion
Skin integrity can be influenced in vivo and in vitro by various methods including chemical (by solvents or surfactants) or mechanical damage, UV radiation or clinical diseases; for detailed information, see Gattu and Maibach [17, 44] . TEWL measurement is a well-established method for the determination of skin integrity, and the fraction of stratum corneum removed is related to an increase in TEWL [10, 20, 33] . Here, various abrasive materials, for example sandpaper and different sponge surfaces, were tested for reproducibility and effectiveness of the gradual removal of the stratum corneum as well as the increase of the TEWL value (data not shown). The Spontex s Brillant best met these demands (Fig. 1) . The decrease of skin integrity was followed by TEWL measurement. After about ten repetitions, a TEWL value of 307 2 g m À 2 h À 1 was attained, and a plateau was reached after approximately 30 repetitions, suggesting that the complete stratum corneum was removed. The number of repetitions depends on the user and the skin sample, therefore the degree of skin damage always has to be controlled, for example by TEWL measurement. In literature, the degree of skin damage often is not reported or even measured, thus the comparison of penetration data without information of the degree of skin damage is difficult. Histological inspection of the porcine skin (Fig. 2) confirms the results of the TEWL measurements. After repeated treatment of the skin surface with the aluminum-coated sponge, the stratum corneum was clearly reduced after 10 repetitions (Fig. 2, center) and finally completely removed after more than 40 repetitions (Fig. 2, right) .
Thus, the damaged skin model for skin permeation studies are characterized by a visible reduction of the stratum corneum with a TEWL value of 30 72 g m À 2 h À 1 .
Skin permeation studies
The skin consists of two permeation compartments, the lipophilic stratum corneum, with a water content of approximately 15%, and the more hydrophilic viable epidermis and dermis, with a water content of approximately 70% [34] . Thus, permeation through the skin strongly depends on the physicochemical properties of the applied substances, including their lipophilicity and molecular weight, as well as the condition of the skin. To evaluate the treatment of the skin by abrasion with the Spontex s Brillant sponge as an alternative model of a damaged skin barrier, the percutaneous absorption and skin permeation of three model substances (caffeine, sorbic acid and testosterone) were studied using tape-stripped and abraded skin in comparison to untreated skin. Sorbic acid was used instead of the OECD proposed benzoic acid [26] . Preliminary permeation studies (n ¼3, data not shown) with benzoic acid were not pursued due to high variation in drug recovery (41-84%), which did not meet the requirements of corresponding guidelines [26, , 35 ]. The results of the penetration and permeation study are summarized in Table 1 .
Caffeine skin permeation
Caffeine is a relatively small (MW ¼ 194.19 g/mol), highly hydrophilic molecule (log P ¼ À0.13), and its penetration into skin should be restricted mainly by the stratum corneum. The mean cumulative amount of caffeine that permeated the porcine ear skin over 25 h as well as the apparent permeability (P app ) after 25 h for the different treated skin samples are shown in Fig. 3 . With intact stratum corneum (untreated skin), caffeine permeation through porcine skin was lowest, followed by the tape-stripped skin and then abraded skin. The higher permeability of caffeine with abraded skin compared to the tape-stripped skin can be associated to the skin preparation. Using the tape-stripping method, the layers of the stratum corneum are gradually removed from the skin surface resulting in reduction of stratum corneum thickness. The mechanical abrasion with an aluminum-coated sponge also leads to a reduction in the thickness of the stratum corneum thickness and a partially roughened surface of the skin, possibly resulting in a less compact stratum corneum like in certain skin diseases. The flux and P app values of caffeine penetration across untreated skin are consistent with the published values of 0.31 Â 10 À 6 cm/s [36] and 0.46-6.82 mg/cm 2 /h [37] . In accordance with the permeation results, the lag time for caffeine was the shortest with the abraded skin and the tape-stripped skin and was almost twice as long for the untreated skin. The lag time depends on the lipophilicity and the molecular weight of the substance and the thickness of the skin. Tape stripping as well as the abrasion of the skin using the Spontex s Brillant decreased the thickness of the skin, more precisely the stratum corneum, and thus the main penetration barrier for caffeine, resulting in an increased flux and a decreased lag time.
Sorbic acid skin permeation
Sorbic acid is frequently used as a preservative in cosmetics, pharmaceuticals and food. The common concentration in cosmetics (0.1%) was applied in this experiment. Compared to caffeine, sorbic acid is more lipophilic (log P¼ 1.268; MW ¼ 112.13 g/mol).
Sorbic acid permeation was lowest with intact stratum corneum (untreated skin) followed by the tape-stripped skin and the abraded skin (Fig. 4) . The permeation of sorbic acid through the untreated skin was slightly higher than for the same concentration of caffeine. However, this was not true for the impaired skin barrier; thus, the enhancement of sorbic acid uptake after partial removal of the stratum corneum by tape-stripping (EF: 3.1) as well as abrasion (EF: 3.7) was lower than for caffeine (EF: 4.8 and 7.9, respectively). Morgan and co-workers [38] showed a remarkable increase in skin absorption of highly water-soluble antiviral drugs after complete removal of the stratum corneum by tape stripping compared to intact skin. The skin absorption of the more hydrophilic penciclovir (log P ¼2.1) was considerably enhanced compared to the aciclovir (log P ¼ 1.8).
Testosterone skin permeation
Testosterone, an androgen hormone, is a lipophilic molecule (log P 3.47; MW ¼288.42 g/mol) that is available as a gel and as a transdermal patch for skin application. Due to its low aqueous solubility, the applied testosterone concentration was one-fifth (200 mg/mL) that of caffeine and sorbic acid. Donor concentrations of testosterone were below 2% of the maximum solubility, making sink conditions present during the entire experiment. The lag times were the highest with testosterone compared to caffeine and sorbic acid. After application onto the skin, the distribution of a model substance by passive diffusion depends on the concentration gradient and the thermodynamic activity of the substances in the different compartments (vehicle, stratum corneum, viable epidermis and dermis). Thus, the lower testosterone concentration applied and the high affinity of testosterone to the stratum corneum and viable epidermis compared to dermis [39] led to a lower skin permeation. Testosterone permeation was lowest with intact stratum corneum, followed by nearly equal permeation through tape-stripped skin and abraded skin (Fig. 5) . Testosterone permeation increased by 1.9-fold and 2.1-fold through tapestripped and abraded skin, respectively, and shows the stratum corneum is less restrictive for lipophilic compounds than for hydrophilic substances. 
Skin uptake of caffeine, sorbic acid and testosterone
Skin uptake depends on the physicochemical properties of the applied substance, among other factors. Caffeine, sorbic acid and testosterone differ substantially in lipophilicity and slightly in molecular weight. The affinity of the studied substance to the different skin compartments as well as the applied vehicle and the acceptor medium strongly influence the permeation behavior of a molecule. Magnusson and co-workers [39] showed that the permeability coefficient across the dermis decreased with increasing lipophilicity of the applied steroids, whereas the permeability coefficient slightly increased with full-thickness skin and significantly increased using an epidermal sheet with increasing lipophilicity of the steroids. Furthermore, the stratum corneum can act as a reservoir for lipophilic substances [40] .
The distribution of the caffeine, sorbic acid and testosterone between donor solution, acceptor medium and skin using intact and impaired skin is shown in Fig. 6 (left) . The total recovery after 25 h meet the requirement of the skin absorption guidelines with 85-100% [35] , respectively 100 710% recovery [26] . The total drug uptake was increased using both impaired skin barrier models compared to the untreated skin (Fig. 6, right) . The skin permeation Fig. 3 . Cumulative permeation of caffeine across porcine skin over 25 h (mean 7 SD, n ¼6); • untreated skin, ▲ abraded skin, and ■ tape-stripped skin. The upper left inset shows the apparent permeability after 25 h (Box plot with median, minimum, maximum and the 0.25 and 0.75 quartiles (n¼6)); applied concentration: 1 mg/mL. Fig. 4 . Cumulative sorbic acid permeation across porcine skin over 25 h (mean 7 SD, n ¼ 6); • untreated skin, ▲ abraded skin, and ■ tape-stripped skin. The upper left inset shows the apparent permeability after 25 h (Box plot with median, minimum, maximum and the 0.25 and 0.75 quartiles (n¼6)); applied concentration: 1 mg/mL. of a highly hydrophilic substance, such as caffeine, is primarily restricted by the stratum corneum; thus, increased caffeine uptake by the impaired skin barrier was considerably higher than for sorbic acid and testosterone. This result is consistent with published data [18, 41] . The sorbic acid uptake was increased by up to 4-fold while testosterone showed only a 2-fold higher skin uptake with impaired skin barrier. Unlike with caffeine and sorbic acid, testosterone shows nearly equal amount of the drug in the acceptor medium and the skin after 25 h. Magnusson and coworkers [39] studied the skin tissue to buffer distribution of steroids of varied lipophilicity. Compared to hydrocortisone (log P ¼1.43), testosterone showed a clear higher affinity to the different skin layers (viable epidermis 4stratum corneum 4der-mis). Although skin conditions were provided throughout the whole experiment, it cannot be excluded that the acceptor medium restricted the partitioning of testosterone from the skin to the acceptor medium. Furthermore, the lower percentage of testosterone uptake can be attributed to the lower concentration gradient and the dermis, which may act as a permeation barrier for the lipophilic testosterone. The more lipophilic retinol (log P ¼6.84) was also found at a low percentage in the receptor medium [42] . Different skin abrasion methods described in the literature resulted in different degrees of skin barrier damage. It has been shown that the in vivo penetration of salicylic acid depends on the degree of skin barrier damage, defined by TEWL measurement, resulting in a 2.2-fold enhancement after acetone treatment (TEWL 9.1 g m À 2 h À 1 ) and up to a 157-fold enhancement after tapestripping (TEWL 30.6 g m À 2 h À 1 ) [43] . Scratching the skin surface with the tip of a needle (1-4 abrasion lines) caused a lower enhancement than tape-stripping [18] , though the use of a rotation brush leads to the opposite effect [41] . It should be noted that the different tape-stripping protocols used can lead to different skin impairments, and thus, comparison of different methods is difficult without standardization. Therefore, the control of the skin damage process by TEWL measurement is essential to track the degree of skin impairment and produce reliable results. Drug uptake from abraded skin was significantly higher compared to intact skin for caffeine, sorbic acid and testosterone; this was also true for sorbic acid and testosterone when comparing tapestripped skin with intact skin.
Conclusions
The skin barrier, specifically the stratum corneum, is usually impaired at the beginning of skin therapy, thereby resulting in a modification of the permeation behavior of applied substances compared to an intact skin barrier. Furthermore, the skin is constantly changing during the healing process, and this must be considered to continuously provide a sufficient concentration of the drug at the site of action. Therefore, an accurate, easy to handle and reviewed method suitable for high sample throughput drug penetration was developed. Disruption of the skin by either abrasion with the aluminum-coated sponge or the tape-stripping methods leads to comparable results in skin penetration and permeation studies. With abraded skin, as well as tape-stripped skin, uptake of caffeine, sorbic acid and testosterone, was higher than in untreated skin. The enhancement of drug uptake was the highest with the most hydrophilic substance, caffeine, followed by sorbic acid, and it was only slightly increased with testosterone, the most lipophilic substance. Thus, the lipophilic stratum corneum is an extremely restrictive barrier, especially for hydrophilic substances. Due to the considerable influence of skin conditions on drug uptake, a valid, inexpensive and fast method is required. In particular, risk assessment of xenobiotics for example nanoparticles should be performed with impaired skin barrier models to simulate the worst case. The skin impairment have to be controlled by an adequate method such as the TEWL measurement.
These results emphasize that skin barrier disruption by abrasion using a sponge with an aluminum coating is reproducible, appropriate for high sample throughput and inexpensive, making it suitable as an alternative method for generating a disrupted skin barrier in drug uptake studies. 
